Abstract-In rehabilitation from neuromuscular trauma or injury, strengthening exercises are often prescribed by physical therapists to recover as much function as possible. Strengthening equipment used in clinical settings range from low-cost devices, such as sandbag weights or elastic bands to large and expensive isotonic and isokinetic devices. The low-cost devices are incapable of measuring strength gains and apply resistance based on the lowest level of torque that is produced by a muscle group. Resistance that varies with joint angle can be achieved with isokinetic devices in which angular velocity is held constant and variable torque is generated when the patient attempts to move faster than the device but are ineffective if a patient cannot generate torque rapidly. In this paper, we report the development of a versatile rehabilitation device that can be used to strengthen different muscle groups based on the torque generating capability of the muscle that changes with joint angle. The device is low cost, is smaller than other commercially available machines, and can be programmed to apply resistance that is unique to a particular patient and that will optimize strengthening. The core of the device, a damper with smart magnetorheological fluids, provides passive exercise force. A digital adaptive control is capable of regulating exercise force precisely following the muscle strengthening profile prescribed by a physical therapist. The device could be programmed with artificial intelligence to dynamically adjust the target force profile to optimize rehabilitation effects. The device provides both isometric and isokinetic strength training and can be developed into a small, low-cost device that may be capable of providing optimal strengthening in the home.
is moving, thus, resistance is set to accommodate the muscle force production at the weaker ends of the range of motion.
Other sophisticated devices such as isokinetic dynamometers are expensive and large, and are designed only for clinical or hospital settings. Isokinetic dynamometers keep the speed of movement constant and force is generated when patients attempt to move faster than the prescribed speed. The patient must, however, be capable of meeting the speed of the lever arm in order to generate force that can produce a strengthening effect. This paper reports recent research results of an autonomous rehabilitation device capable of providing variable resistance regardless of the speed of movement that is smaller and less expensive than existing technology.
Muscle weakness can severely impact the functional status of patients following injury. Madsen et al. [6] found that quadriceps femoris strength was related to physical function. Quadriceps strength proved to be the strongest predictor of walking speed, stair climbing, speed and overall physical activity. The authors suggest that the main benefit of muscle strengthening may be to promote mobility. Others showed the importance of quadriceps strength in persons with knee osteoarthritis (OA) and fractured hips. Fisher et al. [2] studied the effect of three months of outpatient physical therapy treatments in which knee muscle strengthening was a focus in patients with OA. They found significant improvements in the ability to walk, rise from a chair, and climb stairs with increased quadriceps strength. Moxley-Scarborough et al. [7] found that quadriceps femoris muscle strength correlated with dynamic stability during rising from a chair and walking in functionally limited elderly individuals. The authors state that quadriceps femoris strength appears to enhance dynamic stability and may reduce the risk of falling in elderly individuals.
In recent years, there have been a growing number of investigations into the delivery of rehabilitation services in the home [8] , [9] , and through telemedicine [10] . Kane et al. [9] found differences in functional outcome based on the venue (nursing home, home with home-based health care, and rehabilitation centers) for posthospital care for patients with chronic obstructive pulmonary disease, congestive heart failure, hip procedures, and hip fractures. Patients were followed at six weeks, six months, and one year after discharge and the costs and benefits associated with the location that produced the greatest improvements were estimated. Patients who were discharged to nursing homes fared the worst and those sent to rehabilitation centers and home with home-based health care fared best. Patients who return home likely had higher levels of function and better general health prior to hospital admission than those going to nursing homes [11] . Rehabilitation centers typically provide more therapy services and have more equipment available to therapists who prescribe strengthening programs than nursing homes. Whether rehabilitation at home is a viable option depends on many factors including the quality and quantity of home-based rehabilitation. Providing more cost effective and versatile strength training equipment to therapists would improve the delivery of rehabilitation services in nursing homes, chronic care centers, and in the home.
Home-based rehabilitation offers benefits to patients who have difficulty making frequent visits to clinics to prevent decline in joint function [12] . It is desirable to develop functional rehabilitation devices that can be developed into devices appropriate for therapy in the home. The device studied in this paper makes use of magnetorheological fluids and adaptive control, and offers a user friendly, and programmable rehabilitation system for strengthening multiple muscle groups following a patient specific exercise protocol prescribed by a therapist. Although other commercial rehabilitation devices can be adapted for the home use, the programmable features of the current device make it unique.
Magnetorheological (MR) fluids are known as smart fluids that change the flow viscosity in milliseconds in response to the applied magnetic field. Dampers made of such smart fluids are widely used in vehicle suspension systems and civil structures to suppress vibrations. A MR damper typically has a compact mechanical design, and requires a low-voltage power supply [13] . The competing technologies include magnetitic particle dampers and friction dampers, which often give less smooth mechanical response, involve more complicated mechanical designs, and require more power to actuate them. Like other dampers, the MR damper is highly nonlinear and demands extensive modeling and control effort [14] . In this study, we design an adaptive control for force tracking, which can tackle the nonlinearity and parameter uncertainties of the system. The adaptive control estimates the slowly time-varying uncertain parameters online, and maintains the stability of the closed-loop system [15] . The focus of the study is on the technical aspects of the proposed device, and not on its clinical effects. The clinical evaluation of the device is underway, and will be reported in the future. This paper is organized as follows. Section II describes the rehabilitation device and the MR damper, and discusses the dynamic modeling and adaptive control of force tracking. Simulations and experimental results of adaptive force regulation are presented in Section III. Section IV discusses feasible clinical applications of the device. Section V concludes the paper.
II. METHOD

A. Description of Rehabilitation Device
A picture of the rehabilitation device in the form of a foldable chair is shown in Fig. 1 . The frame of the chair is made of T-slot aluminum extrusion bars (80/20 Inc., Columbia City, IN). The mechanical layout of the device is illustrated in Fig. 2 . The force arm will be strapped to a human limb in such a way that its rotation center matches the joint center. The force lever can be adjusted up and down, and rotated around a fixed point so that different joint systems can be exercised. The current prototype is suited for the knee and ankle joints. Strain gauges attached on the force arm measure the force in real time. An angular sensor on the rotation center records the joint position. The resistant force of the device is changed by altering the voltage across the excitation coil of the MR damper embedded inside the piston of the damper. We have developed a "dual piston" damper, as shown in Fig. 3 that can provide a force large enough to allow isometric evaluation of voluntary muscle contraction. The dual piston design also eliminates the need for volume compensation. The dimension of the chair is 1.2 m 1.2 m 1.5 m, and its weight is 45 kg. The total power consumption of the system is less than 100 W. The device is controlled via a laptop computer with LabView graphical interface. The range of motion is 135 . The maximum resistance torque at the force arm is 250 Nm, and the lower limit is 18 Nm. We have taken the peak torque profiles of five healthy young subjects for the quadriceps and hamstrings over a range of 20 -70 of knee flexion at 10 intervals. The results are shown in Fig. 4 . The largest torque 188 Nm is generated by the quadriceps muscles. Given the torques of the device, it is mechanically strong enough for exercise of a wide range of normal as well as pathological subjects.
B. Modeling of Exercise Force
In this application, the control is the voltage to the damper, and the output is the resistant force measured on the arm. The system is thus single input single output (SISO). We treat the human reaction force and friction as disturbances. We model the input-output relationship with adaptive infinite impulse response (IIR) filters. In the following, we compare a first order and a second order IIR filter to model the system. Experimental data of the system response subject to different excitations are collected for the modeling. The excitations include a step input and variable forcing. A least square algorithm is used to adapt the model parameters [16] . Because the device temperature does not change much, the friction force in the device is nearly constant during the operation.
Figs. 5-7 show the experimental results and the corresponding predictions from the first order and second order IIR model. Both models predict the system response reasonably well. The second order model does not offer obvious advantages over the first order one. For the efficiency of the real time implementation, we choose the first order model to characterize the dynamics of the device.
C. Adaptive Force Regulation
System Model: The first-order IIR filter of the system is given by (1) where denotes the force output, is the control voltage, is the disturbance, and is the sample index. Since the plant is passive and dissipative, the open loop system is always stable so that
. We also assume that where and are the known lower and upper bounds of , and that the disturbance and its increment over one sample interval are bounded (2) Define a force tracking error as (3) where is the target force. The incremental dynamics of the system from (1) can be written as [17] (4) where (5) Nominal Control: When and are known exactly, and the control is unconstrained, we can design a nominal control to track the reference as (6) where . Substituting the nominal control into (4), we obtain the closed-loop system (7) Thus, the nominal closed-loop system is stable and the tracking error is bounded because .
Adaptation Algorithm: When and are unknown, we consider an adaptive control as (8) where and are two control gain parameters, and are two measurable signals defined as (9) Since consists of only the state variable, and includes both the state variable and the reference, they are linearly independent. Substituting (8) into (4), we have (10) Note that when and , we recover the nominal system. Let and . and are the desired values of and . Define the parameter estimation errors as and . Equation (10) reads (11) Equation (11) 
where is the online estimation of . Let . Substituting (11) into (12), we obtain an equation governing the evolution of the extended error (13) where (14) It is now clear that when the disturbance does not exist , is dictated by the parameter estimation errors and and the incremental changes of the parameter estimations and . Therefore, it is a measure of the parameter estimation.
We then apply the gradient search algorithm with dead-zone [19] to adapt the parameters , , and so that (15) where (16) The adaptation gains are selected such that (17) and (18) where defines the width of the boundary layer in terms of . When is sufficiently small in magnitude, it is common to turn off the adaptation of parameters since the control performance is usually good at this point and further adaptations with large gains will cause oscillations or chattering in parameter estimations.
defines a "boundary layer" around the zero . The choice of the boundary layer width in terms of the parameter is usually empirical.
Stability Analysis: We have designed the adaptive control in (8) and the parameter adaptation algorithm in (15) . We now need to show that the closed loop system is stable. To prove stability, we resort to the Lyapunov stability theory [15] . The proof presented here follows the lines in [17] and [18] .
Consider a Lyapunov function . From this point on, the system is stable and the tracking error is bounded as indicated in (21) . Equation (22) suggests that the boundary layer as defined by is attractive.
III. RESULTS
To demonstrate the effectiveness of the proposed modeling and control algorithms, we present numerical simulations and experimental results of the control system. In the numerical simulations, we first assume that the disturbance is constant. We examine the convergence of the parameter estimation and force tracking performance. Then, we study variable disturbances to investigate the robustness of the control. In the experimental validation of the control algorithm, we consider a step force tracking with slow and fast knee flexions, a sinusoidal force tracking with slow and fast knee flexions. A good tracking performance in these exercises implies a broad adaptability of the control system.
A. Simulation Results
We first consider the system subject to a constant disturbance given by . The desired values of the parameter estimation are , , and . The initial values of the parameter estimation are chosen to be , , and . The initial value of the control is set to zero. The oscillatory target force is . The adaptation gains are , the gain is set to 0.7. Simulation results are shown in Fig. 8 . In the simulation, we do not impose limits on the control. The tracking performance is very good, and the estimated parameters converge to their true values.
Simulation results of the system with a variable disturbance are shown in Fig. 9 . We have chosen the adaptation boundary layer parameter , , and adaptation gains . Other conditions are the same as before. The tracking performance exhibits strong robustness to the variable disturbance and unknown plant parameters. The control is smooth, and the estimated parameters are bounded and gradually converge to their true values. Note that the parameters used in the simulations describe the plant dynamics and adaptation gains and do not have physiological meanings.
B. Experimental Results
Four sets of experimental data are collected and presented in Figs. 10-13 . The figures show the force tracking, the control, and the estimated parameters and . The sample frequency is 200 Hz. The control is limited to the range 0-8 V. When the control is saturated, the parameter adaptation is suspended. In the experiments, we also have , , , and . The range of the joint motion is from 15 to 90 .
One healthy male adult (height 174 cm, weight 82 kg, age 60 years old) was the subject of the experiments. The subject was instructed to flex and extend the knee joint with the full effort against the resistance without looking at the computer monitor. Each session consisted of twenty cycles. Before each session, the subject was asked to exercise with different joint speeds. The experiment was done over several days. In the end, we tested the device at four different average knee flexion speeds: 35 /s, 58 /s, 220 /s, and 234 /s. In general, all the experiments show good force tracking performance. We note that the fast motion tends to produce larger fluctuating disturbances than the slow motion does.
The objective of the experimental study is to validate the performance of the device as well as the control algorithm. For this reason, we did not test the device on a large number of subjects.
C. A Note on Sensitivity
The effect of the amplitude of disturbances is clear from (7) . It essentially affects the steady state tracking accuracy. Assume that in the steady state, the parameter estimation converges, we then have , and . Hence, we have
The control gain affects the stability of the nominal control system (7). It must be Once the system model and control structure are chosen, the performance of the control system is largely the function of three adaptation gains , and . Since the gradient search is used in the adaptation, the influence of adaptation gains on the estimation and control is well studied [20] . Within the limits given in (18) , the larger gains may lead to larger changes in the parameter estimations for each step, as shown in (15) . Since the boundary layer strategy is implemented here, the chattering in adaptation is eliminated. From (22), we have the minimum change of over one step, when , and take their maximum values (27) and the maximum change of , when (28) Hence, when larger gains are used, the convergence of the adaptation can slow down by at most a factor of . Note that as defined in (16) .
IV. DISCUSSION
Based on the fact that the device can accurately track the force prescribed by the physical therapist for a patient, and can take isometric measurements of patients, we discuss some feasible rehabilitation applications of the device. Muscles produce force according to a length-tension relationship in which the highest force is generated at an optimal muscle fiber length and less force is generated at longer and shorter muscle lengths [21] , [22] . Muscle torque is also influenced by the changes in moment arm length that occur when a joint moves through a range of motion [23] , [24] , as well as the speed of contraction [25] . During concentric contractions when the muscle shortens, as contraction speed increases, torque output decreases. Therefore, muscles such as the quadriceps femoris group produce greater torque in the middle of the range of knee motion (approximately 60 of knee flexion) and at slower speeds. This serves as the basis for the prescribed rehabilitation with this device that is capable of providing resistance that changes based on physiologic properties of muscle as well as unique characteristics of individual patients.
The physical therapist can determine the maximum torque output of a muscle group at different joint positions to generate a torque profile. This torque profile can then be used to prescribe customized exercise protocols based on the judgement of the therapist that can be designed to vary based on the conditions of the patient.
For example, some patients develop profound quadriceps femoris weakness after surgical procedures such as an anterior cruciate ligament reconstruction or total knee arthroplasty [26] . Quadriceps weakness is often accompanied by what is referred to as a "quad-lag" i.e., patients can produce enough torque in the middle of the range of motion to extend the knee actively, but when they attempt to extend the knee to the end of the extension range, they are incapable of doing so or they require slower movement velocity to achieve adequate torque.
In such cases, therapy would generally begin with isometric contractions in the fully extended position and progress to isotonic or isokinetic training through the full joint motion. In order to strengthen the quadriceps through the full range of motion, isotonic resistance from sandbag weights or elastic bands would require that the patient use very low resistance so they could achieve full knee extension. If isokinetic devices were used, slow speeds would be required. A separate set of exercises might be prescribed in which higher resistance or faster speed was used to strengthen the muscle in its stronger ranges and faster speeds.
With the device described in this paper, patients could exercise against higher resistance in the stronger range of motion and lower resistance in the weaker range at whatever speed they are capable of producing. This would reduce the total number of exercise repetitions to achieve a strengthening effect across the full range since the resistance can be optimized.
One limitation of the current prototype is the off-state force that is generated due to fluid mechanics. The lower limit of the device, approximately 18 Nm, would prove too high for some patient populations including the clinical example described above. When low resistances are needed, the lower limit can be minimized by using slow movement speeds. In future development, a small motor could be incorporated into the design to overcome the off-state resistance of the MR fluid damper. Nevertheless, at present, MR fluids are still the best choice to make variable resistance devices for rehabilitation that require low voltage, deliver large forces and torques, and can be made compact and light weight by professional engineers.
Another interesting feature of the device is that it can be incorporated with artificial intelligence to adapt to the exercise response. For example, if a patient was experiencing muscle fatigue, they may find it more difficult to meet the prescribed torque goal or may do so over increasingly longer time periods. On the other hand, as strengthening occurs, patients may achieve the prescribed torque goal quite quickly or they may consistently exceed the goals. The device could be programmed to increase or decrease the targeted goal automatically thereby optimizing strengthening and possibly reducing injury. This may be particularly important in patient populations such as individuals with fibromyalgia or multiple sclerosis whose symptoms may increase from excessive exercise intensity.
An example is shown in Figs. 14 and 15. Fig. 14 indicates that the patient can initially keep up with the prescribed force profile very well. Fig. 15 shows the exercise cycle time and the corresponding percentage change of the initial force setting by considering the fatigue of the muscle. The force profile is lowered by a small percentage when the cycle time exceeds a preset level to maintain a constant speed during the exercise, assuming that this is desired by the physical therapist. The current device provides an effective means to quickly detect changes in muscle function and adjust itself appropriately. We are currently investigating these types of treatment progression algorithms.
Our future work will investigate the design of a smaller device that could be transported to a patient's home, determine the needs of the patient, measure the isometric force profile, and program the device with the rehabilitation protocol. The patient could then follow the protocol at home and the device could record the exercise progress over many exercise sessions. The therapist could make periodic visits to assess the patient's condition and to modify the exercise prescription.
Other optimal exercise protocols for specific medical conditions can also be implemented with the help of the device. These will be the topics of our future research.
V. CONCLUSION
We developed a muscle strengthening rehabilitation device that provides a unique type of resistance that can be programmed specifically for each patient. The adaptive tracking algorithm makes the device capable of providing variable and optimal strengthening forces for exercise. The simulation and experimental results have demonstrated the validity of the algorithm. The automatic adjusting mechanism of the exercise force profile with the help of artificial intelligence offers flexibility for diverse rehabilitation needs. The device is currently under clinical evaluations. Furthermore, the adaptive modeling and control studies presented in this paper may also be applied to automate other commercial rehabilitation devices.
